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        Drugs that at pico- to nanomolar concentration regulate 
ion channel function by high-affi  nity binding to their 
cognate receptor often have a   “  secondary pharmacology,  ”   
in which the same molecule at low micromolar con-
centrations regulates a diversity of membrane proteins 
in an apparently nonspecifi  c manner. It has long been 
suspected that this promiscuous regulation of mem-
brane protein function could be due to changes in the 
physical properties of the host lipid bilayer, but the 
underlying mechanisms have been poorly understood. 
Given that pharmacological research often involves 
drug concentrations that alter the physical properties 
of lipid bilayers, and that nonspecifi  c drug effects are 
a major cause of attrition in drug discovery, this lack 
of understanding has been problematic. The present 
Perspective summarizes recent developments in the 
investigation of the bilayer-mediated mechanism that 
are transforming it into a subject of quantitative science. 
It is described how the hydrophobic interactions be-
tween a membrane protein and the host lipid bilayer 
provide the basis for a mechanism, whereby protein 
function is regulated by the bilayer physical properties. 
The use of gramicidin channels as single-molecule force 
transducers for measuring drug-induced changes in the 
bilayer physical properties (bilayer stiffness), and for 
predicting drug effects on membrane protein function, 
is described. 
  Introduction 
  When experimental evidence for the existence of ion 
channels started to emerge, the receptor concept had 
already reached maturity. It was established that drugs 
could regulate cellular function by high affi  nity, stoichio-
metric binding to specifi  c receptors  —  and that receptor 
function, in turn, could be regulated by allosteric mech-
anisms, based on one receptor conformation having 
a higher affi  nity for a drug than another. The theories 
and technologies of ligand  –  receptor interactions pro-
vided a methodological framework, based on equilibrium 
energetic considerations, which allowed for quantita-
tive predictions that could be experimentally tested 
(Colquhoun, 1998;   Rang, 2006  ). Not surprisingly, the 
    Abbreviations used in this paper: gA, gramicidin A; HCM, hydropho-
bic coupling mechanism; LPC, lysophospatidylcholine; LPL, lyso-
phospholipid; VDSC, voltage-dependent sodium channel. 
study of ion channel regulation by specifi  c drug bind-
ing has been very successful. It has long been suspected 
that drugs regulate ion channel function also by another 
mechanism, namely by changing the physical prop-
erties of the host lipid bilayer (for recent summaries, 
see   Lundb  æ  k, 2006  ;   Andersen and Koeppe, 2007  ). 
This mechanism has not had an easy life, however. The 
regulation of membrane protein function by changes 
in the bilayer physical properties, generally, has been 
poorly understood, and the hypothesis that the effects 
of a drug could be due to changes in bilayer physics 
has been based on a diagnosis of exclusion, i.e., being 
effects for which specifi  c mechanisms have not been 
identifi  ed. Yet, pharmacological studies on ion channels 
often involve drug concentrations that alter the physical 
properties of lipid bilayers (compare   Lundb  æ  k, 2006  ), 
and nonspecifi  c drug effects are a major cause of attri-
tion in pharmaceutical development projects (  Leeson 
and Springthorpe, 2007  ). Thus, the lack of understand-
ing of the bilayer-mediated effects of drugs has been, 
and to a large extent still is, a problem in (and for) 
drug development. 
  The present Perspective describes recent studies on 
the bilayer-mediated mechanism that are transforming 
it into a diagnosis of inclusion and a subject of quantita-
tive science. First, I summarize fi  ndings that suggest that 
drugs can regulate membrane protein function by alter-
ing the physical properties of the host lipid bilayer. 
Then, I describe the hydrophobic coupling mechanism, 
which provides a conceptual framework for understand-
ing membrane protein regulation by the bilayer physi-
cal properties. Finally, I describe how the gramicidin 
channel can be used as a prototypical example of an ion 
channel that is regulated by the bilayer physical prop-
erties, as well as a molecular probe for characterizing 
drug-induced changes in these properties. 
  Promiscuous Regulation of Membrane Proteins 
  Amphiphilic drugs that at pico- to nanomolar concen-
trations regulate ion channel function by high-affi  nity 
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but the mechanisms whereby the fl  uidity of a bilayer 
might regulate membrane protein function have never 
been clear. Most importantly, the equilibrium distribu-
tion among conformational states of a membrane pro-
tein cannot be altered by a change in bilayer fl  uidity per se 
(  Lee, 1991  ). 
  The Hydrophobic Coupling Mechanism 
  Beginning in the 1980s, it has become increasingly clear 
that membrane protein function can be regulated by 
changes in the host bilayer thickness or lipid intrinsic cur-
vature (the curvature adopted by an isolated, uncon-
strained monolayer) (  Andersen and Koeppe, 2007  ). 
These fi  ndings supported the notion that amphiphiles 
could regulate membrane protein function by altering 
the collective physical properties of the bilayer. They fur-
ther provided the basis for development of a working 
model of protein  –  bilayer interactions that is based on 
equilibrium energetic considerations and allows for quan-
titative predictions that can be experimentally tested. 
  Current descriptions of the structural arrangement 
of cell membrane lipid bilayers are based on the fl  uid 
mosaic model (FMM) (  Singer and Nicolson, 1972  ). This 
model rests on the generalization that the gross struc-
ture of a lipid bilayer is organized by the need for 
optimizing hydrophobic interactions among the bilayer-
forming molecules. The FMM describes the average 
structural organization of a lipid bilayer by the hydro-
phobic interactions among the bilayer-forming molecules. 
It does not consider the dynamic regulatory potential of 
these interactions. 
  Membrane protein function often involves conforma-
tional changes at the hydrophobic exterior of the pro-
tein transmembrane segment, as reviewed in   Lundb  æ  k 
(2006)  .   Fig. 1   shows an example; the calcium-ATPase 
in a Ca 
2+  -bound and a Ca 
2+  -free state (  Toyoshima and 
Nomura, 2002  ).   As may be seen from the fi  gure, the 
conformational changes at the protein  –  bilayer interface 
are substantial (and rather complex). Due to the protein  –
  bilayer hydrophobic interactions, such conformational 
changes give rise to a local bilayer perturbation, with an 
associated energetic cost (  Mouritsen and Bloom, 1984  ; 
  Sackmann, 1984  ). The change in bilayer perturbation 
energy (          G    bilayer  ) contributes to the total free energy 
difference between the conformational states (      G    total  ). 
That is: 
     ΔΔ Δ Δ GG G total protein bilayer =+,     (1) 
  where       G    protein   is the free energy change intrinsic to the 
protein. The distinction between       G    protein   and           G    bilayer   
is not unambiguous, but Eq. 1 provides for a framework 
in which protein  –  bilayer interactions may be examined. 
Changes in the physical properties of the bilayer that 
affect the magnitude of           G    bilayer   will alter the protein 
conformational equilibrium and function. Thus the 
binding to their cognate receptor often have a   “  second-
ary pharmacology,  ”   in which the same molecule at low 
micromolar concentrations regulates a diversity of un-
related membrane proteins in an apparently nonspecifi  c 
manner. A given compound may regulate a number of 
structurally unrelated proteins, and a given protein may 
be (similarly) regulated by a number of structurally dis-
similar compounds (compare   Lundb  æ  k, 2006  ). It has 
long been suspected that amphiphiles could regulate 
membrane proteins by absorbing to the host lipid bi-
layer and thereby alter the bilayer physical properties, 
and that such a mechanism could be involved in the 
many nonspecifi  c effects. 
  Amphiphile-induced Changes in Lipid Bilayer Physics 
  As reviewed by Seeman (1972    ), early studies noted that 
many lipophilic drugs modulate membrane protein 
function in an apparently nonspecifi  c manner and pre-
vent nerve cell excitation without appreciably altering 
the membrane resting potential. This was referred to as 
the drug  ’  s   “  membrane stabilizing  ”   effect. It was later 
noted that such drugs protect red blood cells from os-
motic hemolysis at the same concentrations where nerve 
excitation is blocked. This led to the use of the term 
  “  membrane stabilizing  ”   also to describe the physical sta-
bilization of cellular membranes (whatever the actual 
mechanism). It was proposed that the modulation of 
membrane protein function and cellular excitability 
could be due to the changes in cell membrane physical 
properties, but a possible causal relation/mechanism 
was not identifi  ed. 
  Later it was shown that amphiphiles, at the concentra-
tions where membrane protein function promiscuously 
is regulated, may alter a number of parameters describ-
ing the physical properties of lipid bilayers (compare 
  Lundb  æ  k, 2006  ;   Andersen and Koeppe 2007  ). A num-
ber of studies focused on the role of the bilayer   “  fl  uidity  ”  , 
  Figure 1.     The calcium-ATPase in a Ca 
2+  -bound and a Ca 
2+  -free 
state (Toyoshima et al., 2000; Toyoshima and Nomura,   2002  ). Pre-
pared with Pymol using PDB structures 1SU4 and 1IWO.         Lundb  æ  k 423
(thickness of the hydrophobic core).   Therefore the 
probability of channel opening depends on the ener-
getic cost of locally thinning the bilayer. 
  For a membrane protein with two interconvertible 
states, the HCM may be described as 
     ln ( )/ ,
n
n
GG R T
2
1
⎧
⎨
⎩
⎫
⎬
⎭
= − + ΔΔ Δ protein bilayer      (2) 
  where the ratio   n    2  /  n    1   describes the equilibrium distri-
bution between the number of molecules in each state, 
and   R   and   T   are the gas constant and temperature 
in Kelvin, respectively (  Lundb  æ  k et al., 2004  ). For the 
HCM to be operative in regulation of membrane pro-
tein function,           G    bilayer   should be larger than     1 kcal/
mol, and changes in bilayer composition should alter 
          G    bilayer   by more than     0.5 kcal/mol. 
  What is the energetic cost of the bilayer perturbation 
associated with a membrane protein conformational 
change; and can changes in bilayer molecular composi-
tion considerably alter this cost? This has been investi-
gated using gramicidin channels in planar lipid bilayers 
as a model system. 
  Gramicidin Channels as Molecular Force Transducers 
  The cation-selective gramicidin A (gA) channel, both 
structurally and functionally, is one of the most well-
described ion channels. The channel structure has been 
determined at atomic resolution and channel function 
can be studied with single-molecule resolution in pla-
nar bilayers or cellular membranes (for recent reviews 
see   Lundb  æ  k, 2006  ;   Andersen et al., 2007  ). 
protein  –  bilayer hydrophobic interactions, through the 
          G    bilayer   contribution to       G    total  , provide for a mecha-
nism whereby protein function is coupled to the bilayer 
physical properties (for recent reviews see   Lundb  æ  k, 
2006  ;   Andersen and Koeppe, 2007  ).   Fig. 2   illustrates 
this hydrophobic coupling mechanism (HCM) in the 
case of an ion channel, where channel opening involves 
a decrease in hydrophobic length (length of the hydro-
phobic transmembrane segment), which causes a cor-
responding decrease in bilayer hydrophobic thickness 
  Figure 2.     Hydrophobic coupling between a membrane pro-
tein and the host lipid bilayer. A protein conformational change 
causes a local bilayer deformation. Modifi  ed from   Andersen and 
Koeppe (2007)  .     
  Figure 3.     (A) Gramicidin channel formation 
by the transbilayer association of two monomers 
causes a local bilayer deformation. Modifi  ed 
from   Andersen and Koeppe (2007)  . (B) Relation 
between ln  {            }   and the hydrophobic thickness of 
monoacylglyceride bilayers. Results obtained by 
Elliot et al. (1983) using squalene in the bilayer 
forming solution. Figure modifi  ed from  Lundb  æ  k 
and Andersen (1999)  . (C) Effects of lysophos-
phatidylcholine (LPC) on gA channel behavior 
in a diphytanoylphosphatidyl-choline/  n  -decane 
bilayer. Single channel current traces from the 
same lipid bilayer membrane before (top) and 
after (bottom) addition of LPC. Modifi  ed from 
  Lundb  æ  k and Andersen (1994)  .     424   Bilayer-mediated Regulation of Ion Channels 
bending (  Nielsen et al., 1998  ;   Nielsen and Andersen, 
2000  ). The compression contribution is determined by 
the compression modulus and the change in bilayer 
thickness. The bending contribution, correspondingly, 
is determined by the bending modulus and the differ-
ence between the monolayer curvature and the lipid in-
trinsic curvature. 
  A lipid bilayer, in response to the deformation change 
induced by gA channel formation, exerts a disjoining 
force (  F  ) on the channel. To a first approximation, 
  F   may be expressed as: 
     FH d l H c = ⋅− + ⋅ 2 00 BC () ,      (3) 
  where   H    B   and   H    C  , are elastic coeffi  cients refl  ecting the 
bilayer compression and bending moduli, and   c    0   is the 
lipid intrinsic curvature (  Lundb  æ  k et al., 2005  ). Based 
on Eq. 3,   F   should be increased by (a) larger values of 
the channel  –  bilayer mismatch; (b) larger values of the 
elastic moduli; (c) more negative values of   c    0   (as the co-
effi  cient   H    c   is negative). An increase in   F  , in turn, will 
decrease   f   and         . 
  The relation between gA channel lifetime and channel  –
  bilayer mismatch has been studied in  monoacylglyceride 
bilayers of varying thickness (  Kolb and Bamberg, 1977  ; 
  Elliott et al., 1983  ;   Huang, 1986  ;   Lundb  æ  k and Andersen, 
1999  ). As shown in   Fig. 3 B  , ln  {            }   is linearly decreas-
ing function of   d    0  . This is what would be expected 
if the bilayer disjoining force on the channel is given 
by Eq. 3 (  Lundb  æ  k and Andersen, 1999  ). The slope 
of the ln  {            }   vs.   d    0   relation provides a measure of the 
bilayer deformation energy associated with channel for-
mation. For a bilayer with a   d    0   of 3 nm, this value is     10 
kcal/mol, a value that agrees surprisingly well with that 
estimated using the continuum theory of elastic bilayer 
deformations (  Lundb  æ  k and Andersen, 1999  ). The bi-
layer elastic energy should scale as a linear function of 
the channel radius (  Nielsen and Andersen, 2000  ), and 
the corresponding value for a typical membrane pro-
tein with a radius of 2  –  3 nm (rather than 1 nm for gA) 
would be 20  –  30 kcal/mol. For comparison, the energy 
released by hydrolysis of one molecule of ATP is     9 
kcal/mol (  Veech et al., 1979  ). The bilayer deformation 
energy, associated with a protein conformational change, 
can be of a considerable magnitude. 
  The modulation of gA channel function by changes 
in lipid intrinsic curvature of the bilayer-forming lipid 
similarly conforms to the expectations of the continuum 
theory of elastic liquid crystal deformations. When   c    0   of 
dioleoylphosphatidylserine/  n  -decane bilayers is varied 
by Ca 
2+  -induced changes in electrostatic repulsion among 
the negatively charged lipid head groups, a more nega-
tive   c    0   increases   F  , and thus decreases   f   and          (compare 
Eq. 3) (  Lundb  æ  k et al., 1997  ). The presence of 100   μ  M 
Ca 
2+   increases the energetic cost of channel formation 
by 2.5 kcal/mol. The decrease in   f   is much larger than 
  The ion-conducting gA channel is formed by transbi-
layer association of pentadecapeptide subunits residing 
in each monolayer of a lipid bilayer (  Fig. 3 A  ).   When 
the bilayer hydrophobic thickness (  d    0  ) exceeds the gA 
channel  ’  s hydrophobic length (  l       2.2 nm) (  Elliott et al., 
1983  ), channel formation involves a local adjustment 
of the bilayer thickness to match the channel  ’  s hydro-
phobic exterior ( Fig. 3 A ). The ensuing bilayer deforma-
tion energy contributes to the energetic cost of channel 
formation (compare Eq. 1) and changes in the bilayer 
physical properties are refl  ected as changes in channel 
appearance rate (  f  ), channel lifetime (        ), and channel 
dimerization constant (the number of conducting chan-
nels). Therefore gA channels can be used as molecular 
probes to measure the energetic cost of the bilayer defor-
mation associated with a change in hydrophobic length 
of an embedded protein (  Lundb  æ  k, 2006  ;   Andersen 
and Koeppe, 2007  ). 
  The energetics of adjusting the thickness of a lipid 
bilayer to match the length of an embedded protein 
has been analyzed using the continuum elastic theory 
of liquid crystal deformations (  Fig. 2 and Fig. 3 A  ) 
(  Huang, 1986  ;   Nielsen et al., 1998  ;   Lundb  æ  k and 
Andersen, 1999  ;   Nielsen and Andersen, 2000  ). The major 
energetic contributions to the bilayer deformation en-
ergy are the cost of bilayer compression and monolayer 
  Figure 4.     Relation between amphiphile-induced shifts in the 
potential causing 50% inactivation of VDSCs in HEK293 cells 
(V  in        V  in, contr  ) and change in gA channel lifetime in dioleoylp
hosphatidylcholine/  n  -decane bilayers (ln  {      /      contr    }  ).     -Octyl glu-
coside (    OG), capsaicin, Genapol X-100 (GX100), Triton X-100 
(TX100), and reduced Triton X-100 (rTX100) were used at con-
centrations of 0.3, 1 mM; 30   μ  M; 4.5   μ  M; 10, 30   μ  M; 10, 30   μ  M. 
Cells were depolarized to +20 mV from 300-ms prepulses to po-
tentials varying from     130 to +50 mV. The insert shows the rela-
tion between the effects on VDSCs and on gA channels including 
higher amphiphile concentrations at which the correlation be-
tween the effects on the two channel types breaks down. Modifi  ed 
from   Lundb  æ  k et al. (2005)  .         Lundb  æ  k 425
  Overall, studies of gA channels in a wealth of dif-
ferent bilayers have led to the conclusion that the hy-
drophobic coupling between a lipid bilayer and an 
embedded protein provide for an energetically impor-
tant mechanism, whereby protein function can be regu-
lated (  Lundb  æ  k, 2006  ). 
  Amphiphile-induced Changes in Bilayer Stiffness 
  The use of gA channels as molecular force transducers 
has been developed into a technology for measuring the 
that in         . This fi  nding is expected because   f   refl  ects the 
energetic cost of a local change in bilayer thickness, 
which is much larger than that refl  ected in         . Separation 
of the channel-forming subunits to the distance where 
channel conductance is lost involves a local increase 
in bilayer thickness of     0.16 nm (  Durkin et al., 1993  ; 
  Miloshevsky and Jordan, 2004  ). In contrast, adjusting 
the nonperturbed bilayer thickness (    5 nm) to match 
the length of the monomers separated by     0.16 nm, in-
volves a decrease of     2.7 nm. 
  TABLE I  
  Effects of Amphiphiles on Bilayer Stiffness and VDSC Function 
Amphiphile
gA VDSC
Bilayer stiffness Activation Inactivation
Positive   c    0 LPC   ↓  (a)   ↓  (b)   ↑  (b)
Triton X-100   ↓  (c) 0(c)   ↑  (c)
Reduced Triton X-100   ↓  (c) 0(c)   ↑  (c)
Genapol X-100   ↓  (c) 0(c)   ↑  (c)
    -Octyl Glucoside   ↓  (c) 0(c)   ↑  (c)
Pentobarbital   ↓  (d) 0(e)   ↑  (e)
Valproate   ↓  (d) 0(f)   ↑  (f)
Diazepam   ↓  (d) 0(g)   ↑  (g,h)
Capsazepine   ↓  (i) 0(i)   ↑  (i)
Genistein   ↓  (j) 0  ↓  (k,r)   ↑  (k,r)
Negative   c    0 Capsaicin   ↓  (i) 0  ↓  (i)   ↑  (i)
Docosahexaenoic acid   ↓  (n) 0(o)   ↑  (o)
Arachidonic acid   ↓  (q,l) 0(s)   ↑  (s)
Chlorpromazine   ↓  (d) 0(m,g)   ↑  (m,g)
Oleic acid 0(n) 0(o) 0(o)
Cholesterol   ↑  (c,p)   ↓  (c)   ↓  (c)
(a)   Lundb  æ  k and Andersen, 1994      , (b)   Shander et al., 1996  , (c)   Lundb  æ  k et al., 2004  , (d) Sun, Y., V. Jogini, and O.S. Andersen. 2002.   Biophys  .   J  . 82:550a, 
(e)   Rehberg et al., 1995  , (f)   Schauf, 1987  , (g)   Wakamori et al., 1989  , (h)   Backus et al., 1991  , (i)   Lundb  æ  k et al., 2005  , (j)   Hwang et al., 2003  , (k)   Wang et al., 
2003  , (l)   Bruno et al., 2006  , (m)   Ogata and Narahashi, 1989  , (n)   Bruno et al., 2007  , (o)   Vreugdenhil et al., 1996  , (p)   Lundb  æ  k et al., 1996  , (q)   Bruno et al., 
2005  , (r)   Paillart et al., 1997  , (s)   Lee et al., 2002  .
  TABLE II  
  Effects of Amphiphiles on Bilayer Stiffness and Ion Channel Function 
Superfamily Prokaryotic channel Voltage dependent channels Cys-loop receptors
Channel type gA VDSC N-type Ca 
2+ BK  Ca nAChR GABA  A 
Function Bilayer stiffness Activation Inactivation Activation Inactivation Activation Desensi-
tization
Muscimol 
binding
Positive   c    0 Triton  X-100   ↓  (a) 0(a)   ↑  (a) 0(b)   ↑  (b)   ↑  (c,d)   ↑  (e)
    -Octyl glucoside   ↓  (a) 0(a)   ↑  (a) 0(b)   ↑  (b)   ↑  (d)   ↑    (  e)
Pentobarbital   ↓  (v) 0(w)   ↑  (w) 0(x)   ↑  (x)   ↑  (y)   ↑    (  m)
Negative   c    0 Capsaicin   ↓  (f) 0  ↓  (f)   ↑  (f)   ↑  (g)   ↑  (e)
Docosahexaenoic acid   ↓  (h) 0(i)   ↑  (i)   ↑  (j)   ↑  (k)   ↑  (l,e)
Arachidonic acid   ↓  (n,o) 0(u)   ↑  (u)   ↑  (p)   ↑  (p   ↑  (q)   ↑  (k)   ↑  (l)
Cholesterol   ↑  (a,r)   ↓  (a)   ↓  (a) 0(b)   ↓  (b)   ↓  (s)   ↓  (t)   ↓  (e)
The     effects of structurally different amphiphiles on bilayer stiffness measured using gA channels and on; voltage-dependent sodium channels (VDSC); 
N-type calcium channels (N-type Ca 
2+  ); calcium activated potassium channels (BK  Ca  ); nicotinic acetylcholine receptors (nAChR), and GABA  A   receptors. 
(a)   Lundb  æ  k et al., 2004  , (b)   Lundb  æ  k et al., 1996  , (c)   Anwyl and Narahashi, 1980  , (d)   McCarthy and Moore, 1992  , (e)   S  ø  gaard et al., 2006  , (f)   Lundb  æ  k 
et al., 2005  , (g)   Ellis et al., 1997  , (h)   Bruno et al., 2007  , (i)   Vreugdenhil et al., 1996  , (j)   Ye et al., 2002  , (k)   Bouzat and Barrantes, 1993  , (l)   Witt et al., 
1999  , (m)   Quast and Brenner, 1983  , (n)   Bruno et al., 2005  , (o)   Bruno et al., 2006  , (p)   Liu et al., 2001  , (q)   Denson et al., 2000  , (r)   Lundb  æ  k et al., 1996  , 
(s)   Chang et al., 1995  , (t)   Baenziger et al., 2000  , (u)   Lee et al., 2002  , (v) Sun, Y., V. Jogini, and O.S. Andersen. 2002.   Biophys  .   J  . 82:550a, (w)   Rehberg et al., 
1995  , (x)   Gundersen et al., 1988  , (y)   Firestone et al., 1994  . Table modifi  ed from   S  ø  gaard et al. (2006  ).426   Bilayer-mediated Regulation of Ion Channels 
in   c    0   (  Fuller and Rand, 2001  ). Moreover, LPLs, as water-
soluble amphiphiles generally, should decrease the elastic 
moduli of a lipid bilayer due to their reversible absorp-
tion to the bilayer (  Evans et al., 1995  ). The LPL lysopho-
spatidylcholine (LPC), in accordance, decreases the 
compression and bending moduli of phospholipid bila-
yers in an aqueous solution (  Zhelev, 1998  ;   McIntosh 
et al., 1995  ). These effects of LPLs should all decrease the 
bilayer disjoining force on a gA channel (compare Eq. 3). 
  Fig. 3 C   shows the effects of LPC, at a nominal concentra-
tion of 1   μ  M, on gA channel behavior in a lipid bilayer 
(  Lundb  æ  k and Andersen, 1994  ). (The aqueous LPC con-
centration is likely to be lower than 1   μ  M, see Fig. 5.) 
Both   f   and          are increased, and there is a larger increase 
in   f   than in      (for the purpose of visual clarity, a current 
trace with a modest increase in   f   is shown). At a nominal 
concentration of 2   μ  M, LPC causes an     400-fold increase 
in the number of conducting channels. This corresponds 
to a decrease in the energetic cost of channel formation 
by     3.6 kcal/mol. The effects of LPC are not due to spe-
cifi  c interactions with the gA channel; similar changes in 
channel function are observed using several other lyso-
lipids or synthetic micelle-forming amphiphiles, as well 
as by using different sequence-modifi  ed gA analogues 
(  Lundb  æ  k and Andersen, 1994  ;   Lundb  æ  k et al., 2004  ). 
Therefore, LPC decreases lipid bilayer stiffness. 
  The gA channel becomes particularly useful when 
amphiphile-induced changes in the parameters used to 
describe the bilayer the physical properties, in isolation, 
would be expected to have opposite effects on the bi-
layer deformation energy associated with a protein con-
formational change. Capsaicin, the pungent ingredient 
in pepper, at high nanomolar concentrations, interacts 
with the TRPV1 receptor (  Caterina et al., 1997  ); at low 
micromolar concentrations, capsaicin alters the func-
tion of a wide range of membrane proteins (  Lundb  æ  k 
et al., 2005  ). Being a water-soluble amphiphile, capsaicin 
would be expected to decrease the bilayer elastic mod-
uli and thus the bilayer disjoining force on a gA chan-
nel. Capsaicin also promotes a negative-going change in   c    0   
(  Aranda et al., 1995  ), however, which should increase 
the disjoining force. So what is the net effect on gA 
channels? At the concentrations where membrane pro-
tein is promiscuously regulated (  ≥  10   μ  M), capsaicin 
increases both   f   and         , that is, the bilayer stiffness is 
decreased (  Lundb  æ  k et al., 2005  ). Apparently the de-
crease in the bilayer elastic moduli trumps the negative-
going change in   c    0  . 
  Bilayer Stiffness and Ion Channels in Living Cells 
  To what extent are amphiphile-induced changes in bi-
layer stiffness, measured using gA channels in planar 
lipid bilayers, relevant for the function of complex mem-
brane proteins in the heterogeneous cell membranes 
of living cells? This question has been addressed in stud-
ies of voltage-dependent sodium channels (VDSCs) in 
effects of changes in bilayer molecular composition on 
the bilayer elastic response to a change in hydrophobic 
length of an embedded protein. A change in the bilayer 
physical properties that for a given bilayer deformation 
alters the bilayer disjoining force on a gA channel is 
operationally defi  ned as a change in bilayer stiffness 
(  Lundb  æ  k et al., 1996, 2004  ). A decrease in stiffness re-
duces the disjoining force, which increases   f   and          (and 
vice versa). A change in stiffness further should cause a 
larger change in   f   than in          (see Lundb  æ  k et al., 2004). 
  The effects of amphiphiles on the bilayer stiffness 
measured using gA channels will be illustrated with a few 
examples. Lysophospholipids (LPLs) at low nanomolar 
concentrations may regulate membrane protein func-
tion by specifi  c mechanisms (  Ishii et al., 2004  ). At low 
micromolar concentrations, however, LPLs regulate a 
plethora of unrelated proteins in a seemingly nonspecifi  c 
manner ( Lundb  æ  k and Andersen, 1994 ). LPLs are micelle-
forming compounds that promote a positive-going change 
  Figure 5.     A note on amphiphile concentrations. It is diffi  cult to 
quantitatively compare the effects of amphiphiles on membrane 
protein function in different experimental setups. Amphiphiles 
adsorb to all hydrophobic surfaces and the aqueous concentra-
tion, generally, will be lower than the nominal concentration. 
First, adsorption to the walls of experimental containers (e.g., 
pipettes) may be considerable, and increasing with the surface 
area/volume ratio. For LPC, with a molecular area     0.7 nm 
2  , 
80% of the molecules in 5   μ  l of a 10   μ  M solution would be needed 
to cover the surface of a hydrophobic cube with that volume. Sec-
ond, the adsorption to lipid bilayers may be considerable. A re-
cent study, measuring the effects of free fatty acids on lipid bilayer 
stiffness, found that in the absence of a lipid bilayer 30% of a 
fatty acid adsorbed to the Tefl  on experimental chamber; when 
fatty acid was added to a chamber containing a bilayer, however, 
the aqueous concentration was about two orders of magnitude 
lower than the nominal concentration! (  Bruno et al., 2007  ). 
Because the lipid/water partition coeffi  cient for amphiphiles is 
high, the bilayer amphiphile concentration will be affected by the 
ratio between lipid volume and total volume in the experimental 
setup. In binding experiments using membrane fragments, the 
membrane volume (of which the majority is lipids) may constitute 
2% of the total volume (  S  ø  gaard et al., 2006  ). In bilayer stiffness 
measurements the bilayer-forming lipid solution constitutes only 
    0.1% of the total volume. Moreover, in whole cell voltage clamp 
experiments using continuously fl  owing experimental solution, 
the lipid volume may be considered as infi  nitely small compared 
with the total volume. As a consequence, a given nominal amphi-
phile concentration will result in bilayer concentrations that are 
related as: whole cell voltage clamp   >   bilayer stiffness measure-
ments   >   binding experiments.         Lundb  æ  k 427
likely to break down at some point. Nevertheless, the 
correlations shown in   Fig. 4   and in Tables I and II strongly 
suggest that gA-based measurements of amphiphile-
induced changes in bilayer stiffness detect changes 
in the physical properties of lipid bilayers that are 
important for membrane protein function generally. 
Maybe this is because these measurements report net 
changes in the bilayer elastic response to a change in 
protein hydrophobic length, as experienced by a bilayer-
embedded protein. 
  The results shown in Tables I and II also illustrate the 
fact that pharmacological research on ion channels of-
ten involves drug concentrations that are so high that 
the drug may alter the physical properties of lipid bila-
yers (as the stiffness measurements involve nominal 
concentrations that are, at least, as low as those used on 
the different ion channels.) Moreover, orally available 
drugs generally are amphiphiles (  Lipinski et al., 1997  ), 
and in drug development the nonspecifi   c effects of 
drugs that absorb to lipid bilayers are a major, and ris-
ing, problem. It seems suitable to end this Perspective 
by citing a recent review that describes this predicament: 
  “  The consequences of the marked increase in lipophi-
licity  —  the most important drug-like physical property  —
  include a greater likelihood of lack of selectivity and 
attrition in drug development. Tackling the threat of 
compound-related toxicological attrition needs to move to 
the mainstream of medicinal chemistry decision making.  ”   
(  Leeson and Springthorpe, 2007  ). The use of gA-based 
measurements of drug-induced changes in bilayer stiff-
ness, or test of whether the effects of a drug can be re-
produced by a structurally different compound known 
to alter bilayer stiffness (e.g., Triton X; Matta et al., 2007), 
may provide suitable tools in this endeavor. 
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